Exciton-polariton mediated superconductivity 
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We revisit the exciton mechanism of superconductivity in the framework of microcavity physics, 
replacing virtual excitons as a binding agent of Cooper pairs by excitations of an exciton-polariton 
Bose-Einstein condensate. We consider a model microcavity where a quantum well with a two dimen- 
sional electron gas is sandwiched between two undoped quantum wells, where a polariton condensate 
is formed. We show that the critical temperature for superconductivity dramatically increases with 
the condensate population, opening a new route towards high temperature superconductivity. 
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Microcavity polaritons are quasiparticles that arise 
from the strong coupling of microcavity photons with 
quantum- well (QW) excitons pQ. They have attracted 
considerable interest for their manifestations of quantum 
phenomena, from stimulated scattering [2 and polariton 
lasing [3] to Bose-Einstein condensation (BEC) [I] and 
superfluidity [BJ . Their in-plane dispersion is strongly 
nonparabolic. Near the ground state corresponding to 
zero in-plane wavevector, an extremely small polariton 
mass — averaging the exciton mass and the much smaller 
cavity-photon mass — brings the critical temperature for 
quantum degeneracy up to room temperature [7J 18] . On 
the other hand, at wavevectors exceeding the wavevector 
of light at the exciton resonance frequency, the polari- 
ton dispersion becomes exciton-like and its effective mass 
exceeds that near the band minimum by four orders of 
magnitude (see Fig. [I]). Exciton-polaritons are electri- 
cally neutral and cannot carry electric current. However, 
they may coexist and interact with free electrons or holes, 
if these carriers are introduced in the same QW with the 
excitons or in a neighboring QW [9 . When confined to- 
gether, exciton-polaritons and free carriers form a Bosc- 
Fermi mixture which is expected to exhibit peculiar opti- 
cal and electronic properties. In this Letter, we study the 
possibility of superconductivity in semiconductor micro- 
cavities containing both undoped QWs and thin n-doped 
semiconductor layers. We show that exciton-polariton 
mediated superconductivity is possible. 

Conventional superconductivity occurs at low temper- 
atures and can be described within the framework of BCS 
theory |10j . which relies on the formation of Cooper pairs. 
Following the discovery of a phonon-mediated attraction 
between electrons [TT], Cooper found that two electrons 
on top of a Fermi sea always form a bound state, how- 
ever small the (attractive) interaction between them [T2] . 
This instability results in the so-called BCS state (coher- 
ent state of Cooper pairs), that leads to a gap in the 
spectrum of excitations, responsible for superconductiv- 
ity. In the currently available high-Xc superconductors 
(the cuprates), an electron pairing is also thought to 
be realized through a mediating boson, although prob- 



ably not the phonon [13]. Excitons have been proposed 
as suitable mediating bosons to achieve higher critical 
temperatures of superconductivity in specially designed 
heterostructures ([33], see [15] for a review). As com- 
pared to phonons, the characteristic cut-off energy above 
which the attractive character of the interaction is lost 
for the excitons is several orders of magnitude higher and 
the critical temperature is therefore expected to be suffi- 
ciently increased with respect to the BCS superconduc- 
tors. One possible implementation of this idea is the so- 
called sandwich type of superconducting system, consist- 
ing of layers of metal and insulator materials where exci- 
tons and free electrons are close enough to each other to 
interact efficiently [IB]. Electrons in metal are attracted 
to each other due to double scatterings involving creation 
and annihilation of virtual excitons of the semiconductor. 
The virtual excitons are created due to the non energy- 
conserving scattering process and disappear also due to 
scattering with free electrons from the metal. However, 
the probability of such scattering is low, because of the 
huge energies needed to create virtual excitons. While 
the metal-insulator sandwiches demonstrated supercon- 
ductivity at temperatures up to 50K [T7j [18] , there is no 
evidence of the exciton mechanism of superconductivity 
being realised in this or other systems. 

Relying on the recent discovery of high-temperature 
BEC of exciton-polaritons, we propose microcavities as 
an implementation of the Ginsburg scheme of mediating 
the interaction between electrons through an exciton-likc 
field [15], using not virtual but real excitons. We show 
that the strength of electron-electron interactions, me- 
diated by a condensate of exciton-polaritons, scales like 
the density of the polariton condensate Nq, which can 
be tuned by the pumping power. This opens the route 
to optically mediated superconductivity, where the BCS 
gap value is governed by an optical pumping intensity. 
We consider a device specially engineered for this pur- 
pose (see the inset of Figure [I]), consisting of an n-doped 
QW sandwiched between two undoped QWs at the antin- 
ode of the optical field of a microcavity. A polariton 
condensate is formed in the sandwiching wells, e.g., by 
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FIG. 1: (Colour online) The polariton dispersion, on the 
scale of interest for mediating Cooper-pairing at fcp = 
5 x 10 6 cm -1 . The photon (electron/hole) effective mass has 
been taken as 10 mo (0.22/1.25mo), mo being the electron 
mass in vacuum, the vacuum Rabi splitting as Q, = 45meV, 
X 2 — 1/2 and UA w O.QfieVxfxm 2 . Other parameters 
are L = 50A, as = 25A, R y = 32meV, e « 7eo. The peculiar 
polariton dispersion allows for the coexistence of a BEC at 
low k that mediate the interaction and of slow exciton-like 
states at large k providing the retarded electron-electron at- 
traction. In inset, the scheme of the model microcavity struc- 
ture with an n-doped QW sandwiched between two undoped 
QWs where the polariton condensate is formed. 



optical excitation. The advantage of this design is to 
maximize the interaction of the 2DEG with the conden- 
sate, which, being delocalized in the structure (thanks 
to the photonic part of the polariton), can sandwich as 
a single object the electron gas. In this way, proximity 
of polaritons and electrons is maximum. Also, a larger 
number of QWs allows to reach higher condensate densi- 
ties of polaritons. In the rest of this Letter, we derive an 
effective electron-electron Hamiltonian from the electron- 
condensate interaction, show the existence of an effective 
attractive potential that grows with the condensate oc- 
cupancy, and solve numerically the gap equation for the 
polariton-mediated superconductivity. 

The Hamiltonian of the system reads (denoting 
fermionic operators corresponding to electrons of in-plane 
momentum Tik by Ok, aud bosonic operators correspond- 
ing to polaritons by a k ): 
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Here £ e i(k) and E po i(k) describe the in-plane dis- 
persion of electrons and exciton-polaritons, respectively. 



The third term describes the direct electron-electron in- 
teraction, the fourth the electron-polariton interaction 
and the fifth polariton-polariton interactions which are 
treated within the s-wave scattering approximation with 
strength U = Qa^RyX 2 / A (where ae is the exciton 
Bohr radius, R y the exciton binding energy and A the 
normalization area, X is the exciton Hopfield coeffi- 
cient, which square quantifies the exciton fraction in 
the exciton-polariton condensate) [2D]. We go beyond 
BCS theory by including the electron-electron Coulomb 
interaction Vq on top of the electron-exciton interac- 
tions Vx- Their respective matrix elements are given by 
Vc(q) =e 2 /[2e^(|q| + «)] and: 
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where /3 e (W = m e (h\/{m e + rah) [H], k is the screen- 
ing wavelength in-plane for the electrons in the mid- 
dle QW, which is estimated as K = ra e e 2 /(2Treh 2 ) (its 
weak temperature dependence can be ignored) with n 
the density of the two-dimensional electron gas (2DEG) 
and K q = /cexp(— |q|£/2) is derived from the Lindhard 
formula [35] in the geometry of Fig. [I] Here we ne- 
glected all exchange terms assuming that the overlap of 
electron and exciton wavefunctions is zero. We use the 
mean-field approximation for the condensate of exciton- 
polaritons, namely, a kl+q ak! « (a kl + q ) a ki + a kl+q ( a k 1 ) 
and (a k ) ~ >/ NqAS^o with N the density of polaritons 
in the condensate. This allows us to obtain the following 
expression for the Hamiltonian, after diagonalizing the 
polariton part by means of a Bogoliubov transformation 
(that leaves the free propagation of electrons and their 
direct interaction, Hq, invariant): 
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where -E'bog(k) describes the dispersion of the elementary 
excitations (bogolons) of the interacting Bose gas, which 
is very close to a parabolic exciton dispersion at large k: 



£ bog (k) = ^/£ pol (k)(£ pol (k) + 2UN A) , (4) 

where E po i(k) = E po i(k) — E po i(0) and with the renor- 
malized bogolon-electron interaction strength: 
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FIG. 2: (Colour online) The effective electron-electron inter- 
action potential Uo (cf. Eq. pj) for different values of the 
condensate density No (in cm - ). Direct Coulomb repulsion 
is included (horizontal red dashed line) which fights the frag- 
ile retardation effect of excitons. Attraction is restored when 
the density of the condensate is high enough to overcome 
Coulomb repulsion, leading to Cooper pairing in the 2DEG. 



The last term of Eq. Q coincides with the Frolich 
electron-phonon interaction Hamiltonian, which allows 
us to write an effective Hamiltonian for the bogolon- 
mediated electron- electron interaction. This results 
in an effective interaction between electrons, of the 
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■Epoi(ki + q) — -Ep i(ki) and the effective interaction 
strength V eS (q,Uj) = V c (q) + V A (q, w), with: 
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Equation ^ recovers the boson-mediated interaction 
potential obtained for Bose- Fermi mixture of cold atomic 
gases [23] . in the limit of vanishing exchanged wavevec- 
tors. It describes the BEC induced attraction between 
electrons. Remarkably, it increases linearly with the con- 
densate density Nq. This represents an important advan- 
tage of this mechanism of superconductivity with respect 
to the earlier proposals of exciton-mediated superconduc- 
tivity P3HIE] , as the strength of Cooper coupling can be 
directly controlled by optical pumping of the exciton- 
polariton condensate. 

The frequency dependence in Eq. ^ describes the re- 
tarded character of the mediated electron-electron attrac- 
tion, which is essential for the stability of a Cooper pair. 
In general, for the exciton-induced interactions, the re- 
tardation is weak as compared to that provided by the 
phonon- induced interactions. In our system the exciton 
mass is only six times heavier than the electron mass, 
which results in a speed of bogolon excitations six times 
smaller than the Fermi velocity. The weak retardation 
is compensated by the strong polariton-mediated attrac- 
tion in the case of a high density of the condensate. 

We compute an effective (dimensionless) interaction 
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FIG. 3: Critical temperature of superconductivity as a func- 
tion of the exciton-polariton condensate density No- In- 
set: closing of the gap at the energy of the Fermi sea for 
An = 6 X lO^cm -2 . 



between electrons by averaging the potential of interac- 
tion V c ff over the 2D Fermi sea, that includes the at- 
tractive exciton mechanism (Va) competing with direct 
Coulomb repulsion (Vc) [T5] : 
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where q = y/2kp(l + cos#), J\f — dn/dE\ Ew = m e /(Trh 2 ) 
is the density of states at the Fermi surface of the 2DEG. 
The shapes of Uq{oj) for various polariton densities are 
shown in Fig. [2] Coulomb repulsion contributes an over- 
all (frequency independent) repulsion Vc, of order 0.67 
(it is dimensionless) for our parameters. This repulsion is 
detrimental to the exciton mechanism, which has a frag- 
ile retardation effect compared to metals. At the den- 
sity of Nq — 2 x 10 11 cm~ 2 , for instance, the effective 
electron-electron potential is dominated by Coulomb re- 
pulsion and thus becomes repulsive again at long times. 
It exhibits attraction only in a narrow region of frequen- 
cies, that is not sufficient to bind Cooper pairs. At higher 
densities, retardation extends over longer time, like in the 
BCS picture. We compute the average of Va numerically 
and solve the gap equation for Uq 
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by iteration, where E = *J A(£', T) 2 + £' 2 . In inset of 
Fig. § A(0,T) is displayed for JV = 6x 10 11 cm" 2 . A 
gap is open on the Fermi sea, that results in the Cooper 
instability that drives the ground state to a BCS-like 
state. The gap is suppressed by temperature, but its 
value and the critical temperature 7c, at which the gap 
vanishes, strongly depend on Nq, as shown in Fig. [3] We 
have used the numerical parameters typical of GaN based 
microcavities (see caption of Fig. [T]) , where polariton las- 
ing at room temperature has been recently reported [24] . 
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The free electron concentration has been chosen as n ~ 
4 x 10 12 cm~ 2 , so that k F = 5 x 10 6 cm _1 falls in the 
exciton part of the polariton dispersion (cf. Fig. [TJ. The 
lateral size of the polariton-mediated Cooper pairs can be 
estimated as xc ~ (2irh 2 kF)/(m e A(0,0)). At the high- 
est power reported here, xc ~ 196^4 is well above the 
average distance between electrons, n" 1 ^ 2 rj 25 A. The 
parameters typical of the GaAs based microcavities give 
essentially similar results, while in GaAs-based cavities 
the polariton BEC cannot exist at temperatures higher 
than several tens of Kelvin, so that superconducting Tq 
would not exceed this value. 

The critical temperature for superconductivity is 
zero for low exciton-polariton concentrations because 
Coulomb repulsion of electrons prevents formation of the 
Cooper pairs. The electron-electron interaction is repul- 
sive at low frequencies in this case. Above a critical den- 
sity, which is slightly below Nq k3x 10 11 cm -2 in our 
model system, the superconductivity becomes possible. 
The electron-electron interaction strength dependence on 
the polariton density leads to a roughly linear increase of 
the critical temperature Tq with No in this region. This 
is characteristic for systems with strong electron-electron 
interactions. Tuning the condensate density with ex- 
ternal power allows a transition to the superconducting 
regime, up to very high temperatures (limited by the 
Mott transition for the exciton-polariton condensate ex- 



pected at about Nq = 10 12 cm~ 2 in GaN based micro- 
cavities 8J); with a GaN structure, this would enable 
superconductivity up to room temperature. 

In order to evidence experimentally the light-mediated 
superconductivity, one could measure the in-plane dif- 
ferential photoconductivity of the microcavity. The car- 
riers need to be injected in the n-doped quantum well 
from metallic contacts. The polariton condensate may 
be created by resonant optical pumping. The sign of dif- 
ferential photoconductivity is expected to change from 
negative to positive at the onset of superconductivity. 

In conclusion, we propose a new mechanism to achieve 
superconductivity, based on microcavity polaritons. A 
Bose-Einstein condensate of polaritons is offered as a 
mediator for the interactions between electrons in a spe- 
cially engineered device. The magnitude of attraction in- 
creases linearly with the condensate density, allowing for 
an external control of the binding energy, and therefore of 
the critical temperature. With devices that have demon- 
strated polariton BEC up to room temperature, our find- 
ings suggest that exciton-polaritons could be promising 
candidates to achieve high-temperature superconductiv- 
ity in a semiconductor structure, with critical tempera- 
tures only limited by that of the BEC. 
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